s Abstract Objective Although previous studies have shown that the human frontal cortex is involved in the experience of emotions as well as in social behavior, data regarding the exact anatomical substrates of behavioral and affective deficits in frontal lobe pathologies are still scarce. The aim of this study was to investigate the metabolic correlates of these deficits in a group of non-selected consecutive patients with frontal lobe lesions. Patients and Methods Clinicometabolic correlations between several emotional and social parameters and metabolic patterns in the frontal cortex and amygdala were investigated in 32 patients with frontal lobe pathologies. The behavioral disturbances were evaluated using the Lhermitte's informant questionnaire. Regional cerebral glucose metabolism was measured with [ 18 F] fluorodeoxyglucose and high-resolution positron emission tomography.
Statistical analysis was performed using both single variable correlation and multiple regression analyses. Results Both single variable and multivariate analyses demonstrate that decreased regional glucose metabolism in the right medial area 10 was associated with apathy. There were also significant negative relationships between metabolism in the right orbitofrontal cortex and stereotypy and indifference to rules. Impulsiveness, personality disturbances and loss of emotional control were associated with decreased metabolism in the left amygdala. Conclusions In terms of clinicometabolic correlations, the present data support the implication of different functional anatomic systems in frontal lobe-related behavioral and affective disturbances. In particular, they imply that the classically described symptoms of impaired behavioral control may be related to right orbitofrontal cortex hypometabolism whereas impaired regulation of emotions may result from a functional damage of the left amygdala.
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Introduction
Experimental work in both humans with brain lesions as well as in non-human primates support the notion of a functional specialization within the frontal cortex [10] . In a positron emission tomography (PET) study of the regional distribution of cerebral glucose metabolism in patients with frontal lobe damage, we previously showed a dissociation between the performance of executive tasks, related to the regional metabolism of the dorsolateral prefrontal cortex, and behavioral disturbances, associated with the regional metabolism of the orbitofrontal cortex in patients with frontal lobe lesions [39] . These findings indicate that impaired executive functions and social skill deficits are related to distinct metabolic patterns in patients with frontal lobe pathology.
However, behavioral changes associated with frontal lobe damage are highly heterogeneous. They include emotional and personality changes such as euphoria and irresponsibility, flat affect, decreased concern for the present or the future, impairment in the recognition of emotional expression, diminished empathy and social awareness, poor tolerance to frustration, increasing levels of aggressiveness and impulsiveness [7] . The human frontal cortex has been shown to be involved in the experience and appraisal of emotion and complex behavior as well as in primary and secondary mood disorders and social skills [11, 33] . However, the precise neuroanatomical correlates of frontal lobe-related behavioral and affective disorders have yet to be defined.
The present study applied a clinico-metabolic approach, using PET, to identify anatomical areas related to behavioral and affective disturbances in a group of non-selected consecutive patients with frontal lesions. The underlying principle was that if a frontal lobe area were involved in a given behavioral or emotional process, a correlation should be observed between the score of patients in scales assessing this process and the level of metabolic activity in this area. This type of experimental design has been successfully used in earlier studies on patients with Alzheimer's disease or frontal lobe damage [8, 39] .
Patients and methods s Sample description
The sample included 32 right-handed non-selected consecutive patients (20 women, 62.5 ± 1.8 years old; 12 men, 64.1 ± 2.2 years old) with frontal lobe lesions. Inclusion criteria were age between 25 and 75 years, documented frontal lobe pathology, informed written consent of the patient or appropriate surrogate, and the presence of an informant to assess behavioral abnormalities and changes in activities of daily living. All of the cases in the present report displayed severe deficits in executive functions that were assessed with an extensive neuropsychological battery which included Wisconsin and California card-sorting tests for conceptual elaboration [30] , Stroop test for selective activation [16] , lexical fluency [6] , Trail Making Test [36] , graphic series for cognitive flexibility [23] , go-no go and conflicting instructions for motor control and inhibition [23] , assessment of prehension, imitation and use behaviors for environmental dependency [21] , and Grober and Buschke test for verbal learning and recall [17] .
Exclusion criteria were the presence of severe psychiatric disorders such as bipolar illness, schizophrenia, and major depression according to DSM-IV diagnostic criteria, coexistence of non frontal brain lesions on magnetic resonance imaging (MRI), and contraindication for MRI or for arterial radial catheter.Among the patients studied, twelve presented with a focal frontal lobe lesion on MRI. Poststroke vascular lesions were present in nine cases: seven in the territory of anterior cerebral arteries (four in the right hemisphere, three in the left hemisphere) and two in the territory of the prefrontal branch of the left middle cerebral artery. Traumatic lesions confined to the frontal cortex were found in two cases (extensive bifrontal damage involving both the orbitofrontal and frontopolar regions) whereas in one case there was a post-surgical lesion (resection of a meningioma with subsequent damage of the orbitofrontal region [39] ). In all these patients, lesions had occurred more than three months before the study. The remaining patients showed early frontal symptomatology, dysexecutive syndrome, decreased verbal fluency, and mild memory impairment and were classified as having frontotemporal dementia according to the Manchester and Lund diagnostic criteria [24] .
The behavioral disturbances were evaluated with the scale of Lhermitte and collaborators [21] , administered to the patients' informants by the same experienced psychiatrist (P. G.) who was not aware of the PET results. The scale includes 80 randomly distributed questions designed to assess the differences between the premorbid and current state of the patient regarding the following 16 behavioral items: apathy, restlessness, stereotypy, impulsiveness, indifference, euphoria, disinterestedness, cheerfulness, dependence on social environment, indifference to rules, attention deficits, dependence on stimuli from the physical environment, programming deficits, personality disturbances, loss of intellectual and emotional control. Each item was assessed by five questions giving a score from 0 (absence of abnormality) to 5 (severe abnormality) for each item. The validity of this semi-structured interview for frontal lobe-related behavioral deficits has been previously established [21, 34, 39] . In particular, behavioral scores were significantly higher in patients with frontal lobe lesions than retrorolandic lesions [21] and in patients with subcorticofrontal dementia (progressive supranuclear palsy or Parkinson's disease) than in Alzheimer's disease [34] . Using this scale, our previous study in patients with frontal lobe lesions showed a strong correlation between most item scores and PET values in the orbitofrontal and frontopolar cortex bilaterally, whereas no significant correlation was found between behavioral data and metabolism at rest in other neocortical areas [39] .
s Imaging procedures
Brain imaging included a structural evaluation by MRI and a measurement of the glucose metabolism with [ 18 F] fluorodeoxyglucose ([ 18 F] FDG) and high-resolution PET. MRI was performed with a 1.5-T unit as previously described [39] . Briefly, patients were positioned in a plane parallel to the anterior-posterior commissures. Contiguous axial T1-weighted slices were taken with a slice interval of 3.37 mm to obtain MRI scans superimposable on the PET images. Coronal T2 images were also obtained in all cases. PET scans were performed on a high-resolution head-dedicated PET camera with a 5.8-mm in plane and 5-mm axial resolution, which provided 31 slices at 3.37-mm in-tervals [5] . Just before the PET scan was performed, a 20-gauge 32-mm Teflon cannula was placed in a radial artery under local anaesthesia to obtain blood measurements of [ 18 F] FDG and glucose concentrations. The patient's head was positioned in the bicommisural plane by aligning the skin marks drawn during the MRI with the crossed laser beam of the PET camera. Fifteen minutes were allowed to pass for patients to regain a comfortable state.All studies were conducted in a quiet, dimly lit environment with no background noise to minimize visual and auditory stimuli during the brain uptake phase. Patients were studied in an awake resting state with eyes closed. After an intravenous injection of 5 mCi of [ 18 F] FDG, twenty four blood samples (one per 10 seconds during the first 2 minutes following injection) were collected from the radial artery to obtain blood measurements of [ 18 F] FDG and glucose concentration. Image acquisition started 30 minutes after this injection and ended 20 minutes later [39] . Local cerebral metabolic rate for glucose (rCMRGlu expressed in mg/min/100 g tissue) was then calculated according to the model of Reivich and collaborators for human PET studies [37] . This study was approved by the Pitié-Salpêtrière Hospital Ethical Committee.
PET and MRI scans were transferred to a workstation and superimposed using automatic three-dimensional registration software [25] . Regions of interest (ROIs) were drawn manually on the axial images of MRI with the help of a stereotactic atlas [40] (Fig. 1) . The segmentation of the cortical areas was based on Brodmann's nomenclature. Twenty ROIs were defined in the prefrontal cortex (bilaterally areas 8, 9, and 10 further divided into medial and lateral parts; areas 45 as a ventrolateral region; area 47; areas 11, 12, 13 and 14 pooled as a single orbitofrontal region; areas 24 and 32 pooled as a single anterior cingulate area), and eight ROIs outside the frontal lobes were also considered (bilaterally area 7, visual area V1, hippocampus, amygdala). ROIs drawn on the MRI scans were then transposed onto the PET scans and regional CMRGlu were calculated for each ROI.
s Statistical analysis
Relationships between PET values in ROIs and behavioral item scores were first assessed by single variable correlation analysis using Spearman's coefficient (rs). For this analysis, correction for multiple comparisons was made by adopting a significance threshold value of p < 0.005. In addition, maximum likelihood ordered logistic regression analyses were built to examine whether metabolic data can predict the presence of a given behavioral disturbance. PET values in ROIs which significantly correlated with behavioral scores in the single variable analysis as well as possible confounding factors such as age and Mini Mental State Examination scores [13] were used as independent variables in this model with each behavioral score as the dependent variable. This method can evaluate the relationship be- tween an ordinal outcome variable and several independent variables [14] . All statistical analyses were performed using Stata tm software Release 5 (College Station, TX).
Results
The distribution of metabolic values in frontal lobe and control areas in the present series is illustrated in Fig. 2 . Data from single variable analyses are summarized in Tables 1 and 2 . A similar pattern of correlations was found in both hemispheres, although the number of significant correlations was higher in the right one. In both hemispheres, statistically significant correlations were all negative.Significant correlations were found between behavioral deficits and glucose metabolism in the orbitofrontal cortex and area 10 bilaterally: they concern apathy (with a correlation coefficient that reaches 0.93 in the right medial area 10), stereotypy, euphoria, disinterestedness, dependence on the social and physical environment, indifference to rules, attention and programming deficits and loss of intellectual control. Metabolic values in amygdala correlated highly with impulsiveness, personality disturbances and loss of emotional control. No significant correlations were found between these behavioral items and regional metabolism values in frontal areas. Metabolic values in areas 8, 9, and 47, ventrolateral frontal and anterior cingulate cortex as well as in control areas 7 V1 and hippocampus did not display any significant correlation with behavioral items in either hemisphere.
In multivariable models, decreased regional glucose metabolism in right medial area 10 was a strong predictor of apathy explaining 57 % of the variability in apathy scores [regression coefficient: -2.32, 95 % Confidence intervals: (-4.60, -1.90), p < 0.005, Fig. 1 ]. (-2.26, -1.22) , p < 0.05 , Fig. 1 ]. Because these items concerned all emotional and affective changes, we grouped them under the term of "impaired emotional control".
No statistically significant relationships were found between the remaining behavioral items and PET values with either multivariable analysis. Importantly, there was no significant correlation between patterns of hypometabolism and structural changes (documented by MRI) in patients with high scores for apathy, "impaired behavioral control" and "impaired emotional control" supporting the added value of PET data in predicting behavioral deficits. In agreement with our previous work [39] , there were no statistically significant correlations between neuropsychological test performances and behavioral ratings in the present study. Confirming our previous observations [39] , neuropsychological data in the present series showed a strong correlation with PET values in dorsolateral frontal areas 8 and 9 but not in medial area 10, orbitofrontal cortex and amygdala (data not shown).
Discussion
Strengths of the present study are the large series of prospectively studied cases with various frontal lobe pathologies, the fact that behavioral data were collected by a single experienced psychiatrist, blinded to other findings, as well as the rigorous statistical methodology including both single variable correlation analysis corrected for multiple comparisons and multivariable models. The single variable analysis revealed a much higher number of statistically significant correlations in the right than in the left frontal cortex. This finding parallels several earlier studies suggesting a hemispheric asymmetry in the processing of emotion and social behavior in the frontal cortex. For instance, the right hemisphere is more active than the left during the processing of facial emotion [29] , and patients with right frontal cortex lesions show difficulties in addressing emotional communication information [38] . Based on these observations, it has been proposed that the functional anatomic organization of emotional communication in the right hemisphere mirrors that of propositional language in the left hemisphere [38] . Importantly, a recent functional imaging study in patients with frontotemporal dementia showed that the right frontal lobe also plays Results represent Spearman's correlation coefficients between behavioral item scores and regional glucose metabolism in each area. 10L lateral part of area 10; 10M medial part of area 10; OFL orbitofrontal cortex. See text for details a key role in maintaining the essential qualities distinguishing one person from another referred to as self concept [26] . Apathy scores in this series were associated with decreased metabolism in right medial area 10 [31] . This observation parallels several recent lines of evidence indicating that the ventromedial system participates in the intentional prospective control of behavior related to internal information [15] . In particular, the medial frontal region may be primarily involved in self-initiated actions from an inner source as proposed by Laplane and Dubois in their description of the syndrome of auto-activation deficit [19] . Importantly, in a recent fMRI study, Pochon and collaborators also reported an activation of medial area 10 after reward during working memory activation in healthy controls and proposed that this area plays a specific role in monitoring the reward value of ongoing cognitive processes [35] . The specific association described here between decreased metabolism in the right medial area 10 and apathy agrees with earlier observations of Craig and collaborators who showed a prefrontal hypoperfusion in apathetic patients with Alzheimer's disease and postulated that apathy results from a damage of the medial frontal-subcortical circuit in this condition [8, 9] .
The present results also provide new insights into the metabolic basis of complex behavioral and emotional phenomena classically attributed to the frontal lobe. In respect to behavioral disturbances, they support an association between hypometabolism in the orbitofrontal cortex and "impaired behavioral control" in frontal lobe pathologies [9, 31, 41] . They also indicate a strong relationship between left amygdala hypometabolism and "impaired emotional control" symptoms such as impulsiveness, personality changes (including irritability, increased anger, and frequent loss of patience) and loss of emotional control. These observations should be interpreted in the light of current hypotheses regarding the role of these areas in social behavior. The right orbitofrontal cortex is thought to regulate stimulus-reinforcement associated learning, and it has been recently demonstrated that macaques with lesions in this area display aberrant behaviors when reinforcement contingencies change [38] . Moreover, despite intact general cognitive and executive functions, patients with damage of the right orbitofrontal cortex exhibit severe antisocial behavior characterized by reduced empathy and marked difficulties in a moral/conventional distinction task [4, 7, 22] . Both animal and functional imaging studies have shown that the left amygdala is mainly involved in the extraction of affective content from visual stimuli [2, 3, 18, 20, 27, 28] . In humans, lesions of this area can lead to selective deficits in the recognition of fearful facial expressions and impaired fear conditioning [1, 28, 33] . Furthermore, early left amygdala damage is associated with severe impairment in the ability to predict and understand other people's mental states [12] . As postulated by Adolphs and collaborators, this area may be required for accurate social judgments of other individuals on the basis of their facial appearance [1] . One attractive scenario is that a dysfunction of these areas might participate in the inadequate social interactions that characterize frontal lobe pathologies by inducing an inability to perceive other's emotional states and modify behavior in response to the social feedback.
In conclusion, our results indicate that separable and probably complementary anatomofunctional systems may intervene in control of behavior and emotion in frontal lobe pathologies. Detailed correlative analyses in large prospective series including functional and structural imaging, neuropathological assessment as well as evaluation of complex cognitive functions such as processing of mental states would be useful for defining better the neuroanatomical substrates of social behavior deficits in these conditions.
